A local hot spot model of gas-surface reactivity is used to investigate the state-resolved dynamics of methane dissociative chemisorption on Pt͑111͒ under thermal equilibrium conditions. Three Pt surface oscillators, and the molecular vibrations, rotations, and the translational energy directed along the surface normal are treated as active degrees of freedom in the 16-dimensional microcanonical kinetics. Several energy transfer models for coupling a local hot spot to the surrounding substrate are developed and evaluated within the context of a master equation kinetics approach. Bounds on the thermal dissociative sticking coefficient based on limiting energy transfer models are derived. The three-parameter physisorbed complex microcanonical unimolecular rate theory ͑PC-MURT͒ is shown to closely approximate the thermal sticking under any realistic energy transfer model. Assuming an apparent threshold energy for CH 4 dissociative chemisorption of E 0 = 0.61 eV on clean Pt͑111͒, the PC-MURT is used to predict angle-resolved yield, translational, vibrational, and rotational distributions for the reactive methane flux at thermal equilibrium at 500 K. By detailed balance, these same distributions should be observed for the methane product from methyl radical hydrogenation at 500 K in the zero coverage limit if the methyl radicals are not subject to side reactions. Given that methyl radical hydrogenation can only be experimentally observed when the CH 3 radicals are kinetically stabilized against decomposition by coadsorbed H, the PC-MURT was used to evaluate E 0 in the high coverage limit. A high coverage value of E 0 = 2.3 eV adequately reproduced the experimentally observed methane angular and translational energy distributions from thermal hydrogenation of methyl radicals. Although rigorous application of detailed balance arguments to this reactive system cannot be made because thermal decomposition of the methyl radicals competes with hydrogenation, approximate applicability of detailed balance would argue for a strong coverage dependence of E 0 with H coverage-a dependence not seen for methyl radical hydrogenation on Ru͑0001͒, but not yet experimentally explored on Pt͑111͒.
I. INTRODUCTION
Understanding the dynamics and mechanism of the activated dissociative chemisorption of molecules on surfaces is a central goal of surface science. Interest in this class of surface reactions is being driven by their importance as key steps in many industrial catalytic 1 and chemical-vapor deposition 2 processes, their utility as model systems for the study of gas-surface interactions, 3 and the availability of energy-and state-selected dissociative sticking coefficient data from new supersonic molecular beam techniques that can initiate reactions on different portions of the reactive potential energy surface. 4 Progress towards uniting experimental studies of ultrahigh vacuum surface science on single crystal surfaces with high pressure catalysis has been hampered because surface science experiments are often performed under nonequilibrium conditions that bear little resemblance to the thermal equilibrium conditions of industrial catalysis at some 15 orders of magnitude higher pressure. Important efforts to bridge this "pressure gap" have involved intermediate pressure ͑ca. millibar͒ bulb experiments 5 performed under thermal equilibrium conditions that can provide the thermal activation energy and sticking probabilities that better approximate those appropriate to the high pressure environment of modern catalysis. However, as with molecular beam surface science experiments, thermal bulb experiments are notoriously difficult to perform. Based on a large body of experimental data and theoretical investigations the dissociation of methane on various transition metal surfaces such as Ni, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Pd, 16 Pt, [17] [18] [19] [20] [21] [22] [23] [24] Ir, [25] [26] [27] Ru, 28, 29 and W 30, 31 has emerged as the polyatomic model system for activated dissociative chemisorption. In an earlier paper on the dissociation of methane on Pt͑111͒, 22 a microcanonical unimolecular rate theory ͑MURT͒ for activated dissociative chemisorption was described. A master equation ͑ME͒ was used to explicitly account for the effects of vibrational energy transfer to the surface during the reactive collision. A truncated version of the ME-MURT that neglects energy transfer to the surface subsequent to the initial gassurface impact and assumes that energy is randomized in the transient gas-surface collision complex formed in the vicinity of the physisorption well was described as the physisorbed complex ͑PC͒-MURT. The PC-MURT provides a consistent analysis and prediction framework for nonequilibrium experiments, recovers canonical transition state theory and Arrhenius sticking coefficients for thermal equilibrium experiments, makes contact with electronic structure theory by the definition of transition state characteristics, and is not very computationally demanding. The PC-MURT also provides a statistical base line for gas-surface reactivity against which dynamical behavior, such as mode-specific chemistry, can be identified when it occurs. 12, 14, 15 A three-parameter PC-MURT model was used to simulate supersonic molecular beam measurements of methane dissociative sticking coefficients on Pt͑111͒ as functions of molecular translational and vibrational energies, isotope, and surface temperature. 22 The simulations indicate that the apparent threshold energy for CH 4 dissociative chemisorption on clean Pt͑111͒ is E 0 = 0.61 eV.
The PC-MURT has also been used to predict the experimental thermal equilibrium, nonequilibrium, and eigenstateresolved dissociative sticking coefficients for methane on Ni͑100͒ over roughly ten orders of magnitude variation in both pressure and sticking. 32, 33, 14 The apparent threshold energy for CH 4 dissociation on Ni͑100͒ is E 0 = 0.67 eV, in agreement with the ab initio quantum chemistry prediction 34 of 0.69± 0.04 eV, and down from 4.48 eV in the gas phase. The diverse range of experimental studies and electronic structure calculations available for the CH 4 /Ni͑100͒ system make it an excellent proving ground for models of gassurface reactivity involving polyatomic molecules. The vibrational state-resolved dissociative chemisorption of methane on Ni͑100͒ was recently explored using the PC-MURT. 14 Although the statistical PC-MURT model of surface reaction kinetics has enjoyed considerable quantitative success in linking disparate methane 14, 22, 27 and silane 35 dissociative chemisorption experiments to one another and to the predictions of electronic structure theory, there are recent dynamical experiments that indicate, in some instances, there are mode-specific preferences for reaction from particular molecular states. 12, 15 An alternative approach towards the study of activated dissociative chemisorption is to explore the dynamics of the reverse reaction, associative desorption, using the principle of detailed balance to relate the forward and reverse processes at thermal equilibrium. Associative desorption experiments can be used to derive sticking probabilities with full quantum state and translational energy resolution, providing a way to determine how internal energy influences dissociative chemisorption probabilities. 36 To date, the dissociation of diatomic hydrogen on Cu single-crystal surfaces stands as the most complete example of this type of investigation and serves as a prototype for activated dissociative chemisorption in general. Both direct sticking and associative desorption measurements have provided a consistent picture of the influence of translational and vibrational energies on H 2 dissociation. However, H 2 associative desorption experiments are complicated by the permeation route of supplying reactants to the surface and coverage-dependent effects which can alter the energetics of reaction. For dissociative chemisorption with polyatomic chemisorbed product species that can themselves decompose, the problem of side reactions must be addressed. Reactant decomposition can channel reactive flux away from the assumed associative desorption/sticking equilibrium, thereby degrading the applicability of detailed balance.
Ukraintsev and Harrison 37 were the first to study the dissociative chemisorption of methane on Pt͑111͒ via the application of detailed balance arguments. 38 Methane from methyl radical hydrogenation at 240 K displayed a strongly peaked around the surface normal, cos 37 , angular distribution in the angle-resolved thermal programmed reaction, suggesting that dissociative chemisorption of methane on extensively H-and CH 3 -covered Pt͑111͒ surfaces should also display a sharply angle-dependent sticking coefficient. Given that molecular beam studies 18, 19 report that the initial dissociative sticking coefficient of methane on clean Pt͑111͒ scales with the normal component of translational energy,
, one might anticipate that the desorption angular flux distribution should vary roughly as cos 9.54 by detailed balance. Watanabe et al. 39 used laserinduced thermal reaction to study the molecular and associative desorption of CD 4 from Pt͑111͒. At 395 K surface temperature they found that the associative desorption angular dependence fitted a cos 31 distribution and found no dependence of the mean translational energy on the desorption angle from 0°to 25°from the surface normal. Applying the statistical model of Ukraintsev and Harrison 38 to their translational energy distribution along the surface normal Watanabe et al. concluded that a statistical description was insufficient to account for their observations. Watanabe et al. further concluded that statistical theories are incapable of predicting the partitioning of the available energy beyond the transition state when a large exit channel barrier is present. The latter conclusion is overstated, because if detailed balance holds at the surface, then successful predictions by a statistical theory of the state-resolved dissociative sticking of CH 4 , involving passage over a large entrance channel barrier, must uniquely fix the CH 4 product state distribution from CH 3 radical hydrogenation. Furthermore, detailed balance is rigorously applicable only under identical adsorption/ desorption conditions. Desorption predictions based on initial dissociative sticking coefficients will apply only to recombinative desorption experiments in the zero coverage limit. Arguing along Evans-Polanyi lines that as the surface coverage increases the CH 4 dissociation products are destabilized, and so too is the reactive transition state, Harrison 40 found that the statistical model ͑an earlier approximate form of the PC-MURT͒ could account for most of the observations of Watanabe et al. If a coverage dependent barrier height to dissociative chemisorption was assumed, increasing the threshold energy for dissociation from a zero coverage value of 0.64 eV to a high coverage value of 1.2 eV recovered an agreement between the statistical theory and the CH 4 angular distribution and translational energy distribution along the surface normal of Watanabe et al.
Recently, Mortensen et al. 29 investigated both the dissociative chemisorption and associative desorption of CH 4 on Ru͑0001͒. Using detailed balance arguments and a combination of molecular beam sticking and laser-induced associative desorption measurements, these authors presented a self-consistent picture of these reactions on Ru͑0001͒. Coverage dependent sticking coefficient measurements were used to show that the adiabatic barrier height to dissociative chemisorption is independent of the surface hydrogen coverage. In addition, a dynamically constrained statistical model was found to adequately reproduce the observed translational energy distribution along the surface normal. In other contrasting work on Ru͑0001͒, 41 the adiabatic barrier to dissociation of N 2 was shown to be highly coverage dependent, increasing from 1.8 to 3 eV as the nitrogen coverage was increased from 0.25 to 0.7 ML ͑monolayer͒. This paper is the third in a series 14, 22 describing the development and practical implementation of MURT to a local hot spot model for activated dissociative chemisorption involving microcanonical competition between dissociation and desorption. The earlier statistical model of Ukraintsev and Harrison 38 employed similar kinetics but its implementation suffered from several approximations made in the interest of a more analytic formulation and reducing computational demands, including an early and slightly unphysical transition state for desorption which occurs so close to the surface that the frustrated rotations of methane leaving the physisorption well have not yet evolved in to the free rotations of gas-phase methane. In MURT I, 22 the approximations of the statistical model were removed, a master equation was introduced to explicitly account for the gas-surface energy transfer, reactive transition state characteristics were extracted from the analysis of nonequilibrium molecular beam studies of the dissociative chemisorption of methane on Pt͑111͒, and the model was shown to recover canonical transition state theory for thermal equilibrium systems. In MURT II, 14 the PC-MURT was explicitly developed to analyze the state-resolved dissociative chemisorption of methane molecular beams incident on Ni͑100͒ and to predict angle-integrated state-resolved reactive methane flux distributions for thermal dissociative chemisorption. Comparisons with dynamical error function ͑erf͒-based models 7, 11, 42 of dissociative chemisorption showed the three-parameter PC-MURT model to be far superior in its predictive abilities. In this MURT III paper, several energy transfer models for coupling a local hot spot to the surrounding substrate are developed and evaluated within the context of the master equation kinetics approach. Bounds on the thermal dissociative sticking coefficient based on limiting energy transfer models are derived. 
II. MICROCANONICAL UNIMOLECULAR RATE THEORY
Following the kinetics and energetics of Fig. 1 , we have developed a microcanonical unimolecular rate theory ͑MURT͒ capable of analyzing and predicting both thermal equilibrium and nonequilibrium activated dissociative chemisorption processes. 22 Assuming that the kinetics of dissociative chemisorption can be described microcanonically as a local surface phenomenon, involving a transient gassurface collision complex, comprised of the incident molecule interacting with s surface oscillators in the spatial vicinity of the physisorption potential-well minimum, that can go on to react, desorb, or exchange energy with the substrate, the following master equation ͑ME͒ can be written for the time evolution of the coverage of these "physisorbed complexes" ͑PCs͒ or "local hot spots" at energy E in increment of energy dE, p ͑E , t͒dE, Here F͑E , t͒ represents an external flux that forms PCs at energy E, k R ͑E͒ and k D ͑E͒ are microcanonical rate constants for reaction and desorption, and pseudo-first-order rate constants of the form R͑E , EЈ͒ govern vibrational energy exchange with the substrate that transfers energetic PCs at energy EЈ to energy E. This equation reflects the additional assumption that when a gas molecule initially collides with the surface full statistical energy mixing occurs within the PC and the freely exchangeable or active energy E of the PC is
where E s is the vibrational energy of s local surface oscillators, E t , E , and E r are the translational, vibrational, and rotational energies of the incident molecule, respectively, and E ad is the adsorption energy. The energies that appear in Eq. ͑2͒ are understood to correspond to the active degrees of freedom of the PC, i.e., those that can freely contribute energy to surmount the threshold energies to dissociation and desorption, subject to applicable conservation laws. Dissociative chemisorption studies of methane incident on Pt͑111͒ have found that methane dissociative sticking scales with the normal component of the molecular translational energy, E n = E t cos 2 , where is the angle of incidence away from the surface normal. This "normal energy" scaling suggests that parallel momentum is conserved over the time scale of a reactive collision on the Pt͑111͒ surface and that only the normal translational energy is effective in promoting reaction. For systems obeying normal energy scaling only the normal component of translational energy, E n , contributes to E as E t in Eq. ͑2͒.
The external flux that supplies PCs to the surface, F͑E , t͒, is the product of the total molecular flux incident on the surface, F 0 , and the probability distribution for creating a PC at energy E, f͑E͒, such that F͑E , t͒ = F 0 f͑E͒. The f͑E͒ flux distribution is formed by convolution over the energy distribution functions for the flux-weighted translational, vibrational, and rotational energies of the incident molecule, along with the energy distribution for the s surface oscillators vibrating at the mean phonon frequency of the metal ͓ s = ͑ 3 4 ͒ k B Debye / h yielding 122 cm −1 for Pt͑111͔͒,
For molecules incident from an ambient gas in thermal equilibrium with the surface, these distributions are canonical and characterized by a common temperature T = T g = T s . The microcanonical rate constants for dissociation and desorption, k R ͑E͒ and k D ͑E͒, are of the Rice-RamspergerKassel-Marcus ͑RRKM͒ form,
where W i ‡ is the sum of states for transition state i, E i is the threshold energy for the ith reaction channel, h is Planck's constant, and is the PC density of states. Details concerning our choices of the transition states and reaction coordinates for CH 4 dissociation and desorption on Pt͑111͒ are given in an earlier paper. 22 Briefly, the desorption transition state is taken to occur when CH 4 is freely rotating and vibrating in the gas phase, far from the surface. The dissociation transition state is characterized by the nine vibrational modes of CH 4 in the gas, s vibrational modes of the Pt surface oscillators, four vibrational modes at a single lumped frequency, D , representative of the three frustrated rotations and the vibration along the surface normal of methane at the dissociation transition state, and one of the triply degenerate antisymmetric C-H stretching vibrations ͑ 3 = 3020 cm −1 ͒ of CH 4 is sacrificed as the reaction coordinate.
When vibrational energy transfer between the PCs and the surrounding solid is neglected ͓i.e., the energy transfer integral of Eq. ͑1͒ is set to 0͔ the ME-MURT simplifies to the PC-MURT which only has three adjustable parameters, ͕E 0 , D , s͖, that can be fixed by comparative simulation to various experimental data. Best agreement of PC-MURT simulations to diverse CH 4 experiments on clean Pt͑111͒ led to ͕E 0 = 0.61 eV, D = 110 cm −1 , s =3͖ parameters and a methane adsorption energy of E ad = 0.163 eV. 22 These values are used throughout this paper to describe CH 4 dissociative chemisorption on clean Pt͑111͒ and also serve to define E R = E 0 + E ad = 0.773 eV and E D = E ad = 0.163 eV.
Vibrational energy transfer between the PCs and the surrounding solid is governed by rate coefficients R͑E , EЈ͒ which can be expressed as the product of the total inelastic collision frequency, , and the collision step-size distribution, P͑E , EЈ͒, as R͑E , EЈ͒ = P͑E , EЈ͒. 44 Although this separation of R͑E , EЈ͒ is purely artificial, it does provide a useful physical picture for the energy transfer and a connection to vibrational energy transfer studies in the gas phase. With a consistent choice for the inelastic collision frequency, the collision step-size distribution is constrained by the requirements of detailed balance and normalization. Detailed balancing of the upward and downward rates of collisional energy transfer for an equilibrium population of PCs at the surface temperature ensures that the master equation provides for no net collisional energy transfer for a distribution of PCs in thermal equilibrium with the surface. Normalization of the collision step-size distribution guarantees that transitions from energy EЈ to all energies E occur with unit probability. Consequently, the ME-MURT of Eq. ͑1͒ can be simplified to
A. Dissociative sticking coefficient
Within the framework of the reaction scheme of Fig. 1 , the experimentally realized sticking coefficient in the steadystate approximation when a time-independent flux of gasphase molecules is made incident on a clean surface is
where p ss ͑E͒ is the steady-state coverage distribution of PCs and the integrand corresponds to the reactive flux for dissociative chemisorption. Applying the steady-state approximation to master equation ͑5͒, a formal solution for p ss ͑E͒ is
Although not a particularly useful expression for computing p ss ͑E͒, the numerator shows that for an arbitrary collision step-size distribution the steady-state distribution can be decomposed into a direct contribution from initial gas-surface collisions and an indirect contribution from PCs undergoing energy exchange with the surface. In addition, the denominator correctly shows that there are three ways for a PC to decay: dissociation, desorption, or energy exchange with the surface.
B. PC-MURT theoretical model
Neglecting the effects of vibrational energy exchange on the coverage distribution of PCs ͓e.g., by setting = 0 in Eq. ͑5͔͒, the dissociative chemisorption kinetics of methane can be described microcanonically as
where the E * zero of energy occurs with methane at infinite separation from the surface when all species are at 0 K,
Here we have explicitly included only the normal component of the molecular translational energy because the dissociative sticking coefficient of methane on Pt͑111͒ is known to obey normal energy scaling. The steady-state approximation applied to the CH 4͑p͒ coverage of Eq. ͑8͒ yields a PC-MURT model that predicts
for the dissociative sticking coefficient where S͑E * ͒ is the microcanonical sticking coefficient defined by
and f͑E * ͒ is the flux distribution for creating a PC at E * ,
The construction of the microcanonical sticking coefficient from the RRKM rate constants for dissociation and desorption for the CH 4 /Pt͑111͒ system is illustrated in Fig. 2 where the energy scale is E = E * + E ad . Following Eq. ͑6͒, separation of the integrand of Eq. ͑10͒ into the product of a coverage distribution and microcanonical rate constant for dissociation, we have for the PC-MURT steady-state coverage distribution,
a result which can also be obtained by setting =0 in Eq. ͑7͒. In summary, the PC-MURT approximation effectively treats each collisionally and transiently formed PC system of Fig. 1 as being adiabatically isolated from the surrounding metal heat reservoir and the E * energy is assumed to be instantly microcanonically randomized over all active states of the PC for which energy can be freely exchanged. The sticking is independent of E ad and the lack of vibrational energy exchange between the PCs and the surrounding metal does not allow for negative E * .
III. VIBRATIONAL ENERGY EXCHANGE WITH THE SURROUNDING SOLID
Although there is a long history of investigation of vibrational energy transfer in bimolecular gas-phase collisions, 44 relatively little is known about the detailed form that the collision step-size distribution should take in gassurface collisions. Previously, we suggested the density weighted exponential down model, 22 
P͑E,EЈ͒
where N͑EЈ͒ is a normalization factor, ͑E͒ is the PC density of states, and ␣ is a parameter closely approximating the average energy transferred in downward collisions, as a conceptually simple and easy to implement collision step-size distribution for which the exponential dependence of the energy transfer probability on the energy gap can be broadly rationalized on the basis of both classical and quantum mechanical analyses of intermolecular collisions. Using this model for the collision step-size distribution and assuming a phonon-mediated energy exchange process ͑such that ␣ = h s and =3 s ; which likely constitute upper bounds͒, ME-MURT modeling of hyperthermal supersonic molecular beam dissociative sticking coefficients of CH 4 on Pt͑111͒ shows that inclusion of vibrational energy exchange yields sticking coefficients that differ insignificantly ͑±10% at most͒ from those calculated using the PC-MURT. 22 In this section, we demonstrate that neglect of vibrational energy transfer is also a good approximation for the thermal dissociative sticking of methane on Pt͑111͒ and illustrate the modest effect of energy transfer by considering two limiting cases: the PC-MURT ͑representing the absence of energy transfer͒ and the canonical strong collision ME-MURT ͑representing facile energy transfer͒ in the limit that the inelastic collision frequency is taken to infinity ͓i.e., is much greater than either k R ͑E͒ or k D ͑E͔͒. In addition, we introduce for the first time the surface ergodic collision theory ͑SECT͒ of vibrational energy exchange between PCs and the surface as the limit of maximal energy transfer that is more physical than the canonical strong collision assumption and is fully consistent with the microcanonical mixing assumed in the initial gas-surface collision of the PC-MURT. A prescription for fixing parameters for a more realistic model of vibrational energy exchange at the surface ͓e.g., Eq. ͑14͔͒ based on the SECT is developed and implemented. Bounds on the thermal dissociative sticking coefficient based on the limiting energy transfer models are established.
The simplest representation of the collision step-size distribution consistent with the requirements of normalization and detailed balance is the canonical strong collision assumption ͑SCA͒ which assumes that the collision step-size distribution is proportional to the equilibrium distribution of the final state and independent of the initial state. 45 Applied to the MURT, the SCA collision step-size distribution is given by the Boltzmann equilibrium distribution of PCs at the surface temperature, B p ͑E ; T s ͒,
implying that a single collisional event thermally equilibrates energized PCs to the surface temperature. Although a physically implausible representation of collisional energy transfer, the SCA has been used extensively in the gas phase to fit experimental unimolecular falloff data through the introduction of an additional parameter called the collision efficiency that quantifies the degree of collisional weakness ͑i.e., departure from canonical strong collision behavior͒. 46 Part of the attractiveness of the SCA in the gas phase is that it allows for analytic solution of the master equation for unimolecular decomposition, providing a convenient formula that interpolates between the low and high pressure limits of the rate constant. In addition, the SCA correctly represents the ultimate effect of all collisional energy transfer mechanisms which is to drive a nonequilibrium reactant population towards thermal equilibrium ͑as expressed in the detailed balance constraint on the collision step-size distribution͒.
In analogy to the gas phase where the high pressure SCA leads to an upper bound on the rate constant for a unimolecular decomposition and weak collisions result in the typical pressure dependent falloff behavior because the Boltzmann distribution of reactant species is difficult to maintain, within the MURT gas-surface reactivity model the infinite inelastic collision frequency strong collision ͑IFSC͒ limit provides an outer bound ͑in this case either a maximum or a minimum͒ on the range of thermal dissociative sticking possible for CH 4 on Pt͑111͒ and, in addition, is analytically solvable. The PC-MURT provides the complementary outer bound on the possible range of the thermal sticking for a given set of transition state parameters ͕E 0 , D , s͖. Starting with Eq. ͑7͒, the strong collision solution to the master equation in steady state is
The Boltzmann distribution for the collection of oscillators that define the PC is
where ͑E͒ is the vibrational density of states and Q is the vibrational partition function. The PC is assumed to have the nine vibrational modes of gas-phase methane, four modes at D that evolved from the incident CH 4 normal translation and three rotations, and s modes at the mean Pt phonon fre- In the limit of infinite inelastic collision frequency ͑ → ϱ͒ Eq. ͑16͒ simplifies to
where the total PC coverage in the steady state is defined as
which can be calculated numerically 22 by the steady-state solution of Eq. ͑5͒ in the limit that ӷ k D or k R ͑e.g.,
shows that the steady-state PC coverage distribution is proportional to the equilibrium Boltzmann distribution in the IFSC limit. Note that Eqs. ͑16͒ and ͑18͒ bear resemblance to theories of precursor-mediated chemisorption such as Weinberg's treatment of thermalized trapping mediated dissociative chemisorption wherein a dynamical fraction of the incident molecular flux sticks to the surface and immediately thermally accommodates such that thermal Arrhenius rate constants are used thereafter to derive sticking probabilities. 47 Thus, although the IFSC limit may be unphysical, it appears to find a common use even in surface kinetics. 48 The limit of no energy transfer is represented by the PC-MURT ͓i.e., the ME-MURT of Eq. ͑5͒ with =0͔ wherein the initially formed PCs are not allowed to fall into the physisorption potential well and become thermalized to the surface temperature prior to dissociation or desorption ͓see Eq. ͑13͒ and Fig. 1͔ . Although it is tempting to assume that the PC-MURT would represent the upper limit on the dissociative sticking coefficient because it has an energetic advantage of E ad on the ME-MURT energy floor, regardless of the specific form of the collision step-size distribution, computation of the thermal dissociative sticking coefficient of CH 4 on Pt͑111͒ between 200 and 1200 K for the IFSC ME-MURT and the PC-MURT shows that IFSC S Ͼ PC S ͓see Fig. 3͑a͔͒ . However, over this range of temperatures, the differences between these two limiting energy transfer models do not significantly alter the sticking ͑ഛ40% ͒. At 200 K the computed IFSC S is only 29% larger than the PC S, dropping to 4% larger at 500 K, and then rising to 40% larger at 1000 K.
For comparative purposes, it will prove useful to rewrite the steady-state dissociative sticking coefficient of Eq. ͑6͒ as
where E is measured from the bottom of the physisorption potential well, ⌰ p ss is the total PC coverage defined by Eq.
͑19͒, and p ss ͑E͒ = p ss ͑E͒ / ⌰ p ss is the normalized steady-state PC coverage distribution. This expression highlights that when comparing sticking coefficients from models generating different p ss ͑E͒ two effects must be taken into account: the total PC coverage and the normalized coverage distribution at energies above the threshold to dissociation ͑i.e., E Ͼ E R ͒. The ME-MURT vibrational energy exchange allows for relaxation of some of the PC population into the physisorption potential well from where, upon each energy transfer event ͑e.g., → ϱ for the IFSC͒, these PCs may, according to their P͑E , EЈ͒, repopulate PCs at reactive energies which have been lost due to desorption or dissociative chemisorption. In steady state for the thermal CH 4 /Pt͑111͒ system, the IFSC ME-MURT is found to maintain greater total coverage, IFSC ⌰ p ss , than the PC-MURT, PC ⌰ p ss , for temperatures below about 500 K ͓Fig. 3͑a͔͒. If at 500 K the adsorption energy alone is increased, the IFSC ⌰ p ss increases but eventually this cannot compensate for the increase in E R = E 0 + E ad and the IFSC S / PC S sticking ratio falls below 1 ͓Fig. 3͑b͔͒. In general, and dependent on the value of E ad , it is possible for either the PC-MURT or the IFSC ME-MURT to provide an upper bound on the thermal dissociative sticking coefficient for fixed values of the three PC-MURT transition state parameters, ͕E 0 , D , s͖.
The thermal dissociative sticking coefficient calculated by the IFSC ME-MURT provides a limiting value consistent with infinitely fast vibrational energy exchange between the PCs and the surface that results in prompt thermalization of the PCs to the surface temperature. Thus, weaker forms of the collision step-size distribution, such as the Lenzer P͑E , EЈ͒ of Fig. 3͑a͒ , will predict thermal dissociative sticking coefficients that fall between the limits set by the PC-MURT ͑no energy exchange͒ and the IFSC ME-MURT ͑instantaneous thermalization͒.
In passing, it is worth noting that for nonequilibrium dissociative chemisorption of hyperthermal methane molecules ͑e.g., in molecular beam experiments͒ the PC-MURT always provides an upper bound 22 on the dissociative sticking coefficient because any vibrational energy transfer model that obeys detailed balance will yield a net downwards energy transfer that will tend to reduce the sticking towards the thermal equilibrium value.
A. Effect of the adsorption energy
The PC-MURT can be formulated entirely on the E * energy scale of Eqs. ͑8͒-͑13͒ and so its sticking is independent of the value of E ad . Under thermal equilibrium conditions, the IFSC ME-MURT sticking can be either greater or less than the PC-MURT sticking depending on the value of E ad , as shown in Fig. 3͑b͒ . The reason for this is that a thermalized PC does not share exactly the same degrees of freedom as found in the thermal surface and incident gasphase molecule prior to their PC forming collision. ⌰ p ss ratio is also plotted. ͑b͒ Comparison of the IFSC ME-MURT to PC-MURT predicted thermal dissociative sticking coefficients and steady-state coverages as the adsorption energy alone is allowed to vary at 500 K. Figure 4 compares the IFSC ME-MURT and PC-MURT normalized PC coverage distributions for the CH 4 /Pt͑111͒ system at 500 K. The PC-MURT and IFSC ME-MURT predicted p ss ͑E͒'s share similar mean energies, ͗E͘ ss = 0.28± 0.01 eV. The distributions differ significantly up to energies near E = 0.3 eV, but by the reaction threshold energy ͑E R = 0.773 eV͒ they are very similar. At these higher energies, the steady-state PC-MURT coverage distribution of Eq. ͑13͒ is PC p ss ͑E͒Ϸ f͑E͒ / k D ͑E͒ and k D ͑E͒ is approximately constant ͑see Fig. 2͒ . Because the modes of the PCs are, for the most part, the same as those of the separated gas and surface oscillators that come together to form the PCs, at thermal equilibrium, the Fig. 4͑a͒ for the PC-MURT, is proportional to the energy distribution of those PCs that successfully react.
Increasing E ad alone at 500 K, as in Fig. 3͑b͒ PC S ratio sinks below 1.
In the limit that E ad → 0, the IFSC p ss ͑E͒ = B p ͑E ; T͒ will be greater than f͑E͒ at reactive energies, as can be deduced from Fig. 4͑b͒ . This can be anticipated on the basis of classical equipartition because when thermal methane incident on the surface forms a PC which is subsequently thermalized, k B T of flux-weighted normal translation is exchanged for k B T of normal vibration and ͑3/2͒k B T of rotational energy is exchanged for 3k B T of "frustrated rotation" vibrational energy, since all other gas and surface modes are the same as within the PC and are prethermalized. The thermalized PC wins ͑3/2͒k B T of energy with respect to the initially formed PC and hence the mean energy of B p ͑E ; T͒ is higher than f͑E͒ when E ad = 0. Furthermore, B p ͑E ; T͒ extends to higher energy faster than f͑E͒ as the temperature is increased because the density of vibrational states rises faster with energy than the density of rotational states ͑since rotational state spacings increase with energy͒. The steady-state coverages PC S sticking ratio is greater than 1 when E ad = 0 and this ratio will increase as the temperature is increased. As E ad is increased from 0, the IFSC ME-MURT sticking integral monotonically declines.
The interesting temperature functionality of IFSC S / PC S displayed in Fig. 3͑a͒ can now be more easily explained. At low temperatures ͑below about 500 K͒ the IFSC ME-MURT has greater total PC coverage compared to the PC-MURT. As the temperature increases the coverage advantage gained by "hiding" population in the physisorption potential well diminishes because a greater proportion is exposed to desorptive and reactive losses and the IFSC S / PC S ratio falls. The IFSC S / PC S curve minimum occurs at a temperature where the mean energies of the IFSC ME-MURT and PC-MURT coverage distributions are equal ͑near 500 K͒. As the temperature increases further the 
B. Surface ergodic collision theory
Collisional energy transfer cannot be expected to be as strong as the canonical strong collision assumption ͑SCA͒ proposes. Typically, in the gas phase, collisions are far from strong and are sufficiently infrequent as to be unable to sustain a Boltzmann distribution at energies far exceeding the threshold for reaction where reactant population is constantly depleted due to reaction. As a more physical alternative to FIG. 4 . Comparisons of the thermal PC-MURT and IFSC ME-MURT predicted steady-state physisorbed complex energy distributions and the initial flux distribution for CH 4 on Pt͑111͒ at 500 K on ͑a͒ linear and ͑b͒ log scales. The sticking can be calculated as in Eq. ͑20͒,
, where E ad = 0.163 eV, E R = E 0 + E ad = 0.773 eV, F 0 = 1 ML/ s, and the steadystate coverage is ⌰ p ss = ͑7.33± 0.16͒ ϫ 10 −10 ML. The Eq. ͑20͒ sticking integrand is plotted for the PC-MURT in ͑a͒ and the microcanonical reaction rate constant k R ͑E͒ is plotted in ͑b͒.
the canonical strong collision assumption we have formulated a surface ergodic collision theory ͑SECT͒ of collisional energy transfer based on the gas-phase bimolecular ergodic collision theory ͑ECT͒ of Nordholm et al. 49 This theory is essentially a microcanonical strong collision assumption based on the idea that transfer of an energized complex from initial energy EЈ to final energy E occurs through establishment of full microcanonical equilibrium ͑rather than the canonical equilibrium assumed in the SCA͒ between the active molecular and surface degrees of freedom followed by resamplings of the thermally populated ensemble of surface modes contributing to the physisorbed complex ͑PC͒.
An energized PC formed at initial energy EЈ and composed of active degrees of freedom, of which s are surface oscillators and p labels the remaining degrees of freedom, has the microcanonical probability 
to form the final energy E = E p + such that the collision step-size distribution for the SECT model is
where the limits of integration are set to obey conservation of energy. For the CH 4 /Pt͑111͒ system, Fig. 5 shows the collision step-size distribution at reaction threshold ͑i.e., E R = E 0 + E ad = 0.773 eV͒ for the SECT energy transfer model as well as the average energy transferred in downward, upward, and all collisions. These average energy transfer quantities are defined as
and
respectively.
The validity of a microcanonical approach to intermolecular energy transfer has been verified in the gas phase by Nordholm and co-workers, 50, 51 with their development of the partially ergodic collision theory ͑PECT͒ to account for the weakness of the observed collisional energy transfer compared to that predicted by the ECT. Quantifying the degree of collisional weakness through an energy transfer efficiency parameter ␤ E defined as
where ͗⌬E͘ all observed and ͗⌬E͘ all ECT are the average energies transferred in all collisions observed in the experiment and computed with the ECT, respectively. They found that for toluene and azulene with a wide range of colliders and collision energies, ␤ E was approximately 0.1. Despite the order of magnitude difference between the observed and ECT prediction of the average energy transferred in the collisions, the stability of ␤ E around 0.1 was taken as a strong indicator of the fundamental role of statistical energy mixing mechanisms in gas-phase collisional energy transfer. The PECT model was developed as an interpretation of this observed weakness of collisional energy transfer in terms of active and inactive subsets of degrees of freedom and reproduces the experimentally observed collision step-size distributions for toluene and azulene very well.
Although it is possible to formulate a surface version of the gas-phase PECT, the resultant equations are quite cum- bersome and rather than attempt its implementation we have again followed the lead of Nordholm and co-workers in the gas phase and instead implemented a version of the "monoexponential form with a parametrized exponent" of Lenzer et al. 52 as an excellent alternative to the PECT. 50, 51 Our density weighted exponential down model with a parametrized exponent is
where c 0 , c 1 , and ␥ are constants chosen such that the average energy transferred in all collisions at reaction threshold is some fraction of the SECT value, in this instance 10%, leading to c 0 =50 cm −1 , c 1 = 0.1, and ␥ = 1. In this manner, and in analogy to the development of PECT for the gas phase by Nordholm and co-workers, 50 ,51 a presumably realistic P͑E , EЈ͒ for surface energy transfer may be defined without the need for prior experimental information and with minimal parametrization ͑e.g., by requiring ͗⌬E͑EЈ͒͘ all to be 10% of the SECT value͒. The "Lenzer" collision step-size distribution derived from this procedure is given in Fig. 6 at reaction threshold along with the average energy transfer quantities defined by Eqs. ͑24͒-͑26͒. An interesting aspect of the average energy transferred in all collisions is that it is positive at energies less than about 0.25 eV. This could have implications for the fitting of molecular beam dissociative chemisorption data that shows an initial decrease in sticking with increasing translational energy followed by a monotonic increase with translational energy, e.g., for the methane/ Ir͑111͒ system. 27 However, for the thermal sticking of methane on Pt͑111͒ this Lenzer form of the collision step-size distribution is weaker than the SCA model and with =3 s predicts sticking coefficients intermediate to those of the PC-MURT and IFSC ME-MURT, as shown in Fig. 3͑a͒ . Finally, it should always be kept in mind that the nonequilibrium molecular beam experiments clearly demonstrate that the initial translational 18 and internal 4 energies of the incident methane play important roles in dictating dissociative sticking coefficients and so the → ϱ IFSC ME-MURT energy transfer limit ͑i.e., instantaneous memory loss and thermal equilibration of all PC modes to T s ͒ is never realized in nature.
IV. DISSOCIATIVE STICKING AT THERMAL EQUILIBRIUM
Having demonstrated the minimal effect of vibrational energy transfer between the initially formed PCs and the surrounding substrate for the thermal dissociative chemisorption of CH 4 on a clean Pt͑111͒ surface, we now use the PC-MURT to derive molecular energy distributions appropriate to the thermal dissociative methane flux and, by detailed balance, the product methane flux from associative desorption ͑treated in Sec. V͒. The total reactive flux in dissociative chemisorption, D 0 , is the product of the total molecular flux incident on the surface, F 0 , and the total sticking coefficient, S, such that,
where Eq. ͑30͒ is simply a microscopically detailed version of Eq. ͑29͒. Defining ͑E t , E , E r ͒ as the normalized molecular energy distribution of those incident molecules that go on to react, for specific molecular parameters the dissociative chemisorption reactive flux is
Likewise, the total molecular flux incident on the surface is
where f m ͑E t , E , E r ͒ is the normalized molecular energy distribution of all molecules incident on the surface. Combining Eqs. ͑29͒-͑32͒ the detailed energy distribution of the reactive flux is
This distribution can be further specified by writing the molecular-energy-resolved sticking coefficient, S͑E t , E , E r ͒, in terms of the microcanonical sticking coefficient, S͑E * ͒, via the canonical surface vibrational energy distribution, f s ͑E s ͒, as 
094707-10
Bukoski, Abbott, and Harrison J. Chem. Phys. 123, 094707 ͑2005͒
where the energy distribution of the incident molecules, f m ͑E t , E , E r ͒, is given by the product of canonical energy distributions for each degree of freedom at the common temperature T = T g = T s of the system and the total thermal sticking coefficient is given by Eq. ͑10͒. Except for the possibility of introduction through the microcanonical sticking coefficient from the definition of the active energy, an angular dependence is generally introduced into the reactive molecular energy distribution through the molecular translational energy distribution appropriate to a thermal ambient gas incident on a surface. This distribution is the flux-weighted Maxwell-Boltzmann ͑FWMB͒ distribution 53 and in spherical polar coordinates the probability for thermal incident molecules to have translational energy from
where is measured with respect to the surface normal and normalization is over the forward hemisphere. For normal energy-scaled dissociative chemisorption systems, such as the methane/Pt͑111͒ system, the flux-weighted distribution appropriate to the normal component of the incident translational energy can be found by transforming to the normal energy variable E n = E t cos 2 , and integrating Eq. ͑36͒ over the forward hemisphere of solid angles to obtain
which has a mean energy of k B T as opposed to 2k B T for the total FWMB translational energy distribution of Eq. ͑36͒. This distribution appears in the expression for the thermal sticking coefficient for normal energy-scaled systems,
derived from Eqs. ͑10͒-͑12͒ where f rs ͑E rs ͒ is defined below, and can often be used to simplify PC-MURT derived energy distributions. Replacing the general molecular translational energy distribution, f t ͑E t ͒, in our expression for the reactive molecular energy distribution with the FWMB distribution appropriate to thermal conditions introduces an explicit angular dependence and we write, more precisely than Eq. ͑35͒,
From this expression it is possible to calculate angledependent or angle-integrated probability distributions for each type of molecular energy ͑translational, vibrational, and rotational͒ as well as an expression for the angular dependence of the dissociative chemisorption yield. The reactive translational energy distribution at an angle relative to the surface normal is obtained by integrating the detailed energy distribution of Eq. ͑39͒ over vibrational and rotational energies. Performing the integral over rotational energy using the substitution E rs = E r + E s , we have where f rs ͑E rs ͒ is identified as the bracketed term of the second line. The integral over vibrational energy is performed in a similar fashion using the substitution E rs = E + E rs to obtain
where the translational energy-resolved sticking coefficient, S͑E t ͒ is defined as
In this equation f rs ͑E rs ͒ is the convolution of the molecular vibrational, molecular rotational, and surface vibrational energy distributions. Let us now specialize to reactive systems such as CH 4 /Pt͑111͒ that exhibit normal energy scaling that is symmetric about the azimuthal angle, such that Eq. ͑41͒ becomes
Integration of this equation over the forward hemisphere to obtain the angle-integrated reactive translational energy distribution can be performed in one of the two essentially equivalent ways. Working with the total translational energy and integrating Eq. ͑41͒ over the appropriate solid angles using the substitution E n = E t cos 2 yields 094707-11 Microcanonical unimolecular rate theory at surfaces J. Chem. Phys. 123, 094707 ͑2005͒
In the limit that S and S͑E n ͒ → 1, Eq. ͑42͒ simply recovers the angle-integrated FWMB translational energy distribution of Eq. ͑36͒. On the other hand, transforming to the normal component of translational energy prior to integrating yields the following expression for the distribution of normal translational energy:
where
Similar expressions for the vibrational and rotational energies of the reacting molecules for normal energy-scaled systems can also be derived and are given by
respectively. In these equations the angular dependence of the molecular energy-resolved microcanonical sticking coefficients S͑E , ͒ and S͑E r , ͒ derives from the angular dependence of the active energy ͓see Eq. ͑9͔͒. For example, S͑E , ͒ in Eq. ͑47͒ is
where E trs = E t cos 2 + E r + E s and f trs ͑E trs ͒ is the convolution of f t ͑E t ͒, f r ͑E r ͒, and f s ͑E s ͒,
Angular integration of Eq. ͑47͒ yields
in which the subscript n designates the normal component of the translational energy and all other variables are defined as above. The rotational ͑E r ͒ and S͑E r ͒ are similarly constructed.
For thermal dissociative chemisorption of CH 4 on Pt͑111͒ at 500 K system temperature Figs. 7-9 illustrate the above derived translational, vibrational, and rotational distributions of those incident molecules that go on to react, respectively. For the active degrees of freedom ͑i.e., E n , E , E r , and E s ͒ these reactive energy distributions are well described by reactant thermal distributions at an elevated effective temperature of 1350 K ͑Ref. 22͒ ͓n.b., such distributions can be explicitly compared in plots for the CH 4 /Ni͑100͒ system 14 ͔. The effective temperature describing the reactive angleintegrated total translational energy distribution is somewhat lower at 925 K. FIG. 7 . PC-MURT translational energy distributions of the normally incident, t ͑E t , =0°͒, and angle-integrated, t ͑E t ͒, reactive thermal CH 4 flux on Pt͑111͒ at 500 K for E 0 = 0.61 eV. The angle-integrated normal translational energy distribution of the reactive flux, n ͑E n ͒, under the same conditions is given in the inset ͑same axis labels͒. Figure 10 shows the angular variation of the mean energies of the reactive thermal CH 4 flux on Pt͑111͒ at 500 K. These quantities are computed as
where the index i labels either t, , r, or s. The mean normal translational energy of the reactive CH 4 is simply ͗E n ͑͒͘ R = ͗E t ͑͒͘ R cos 2 . Although the total mean active energy of the reactive PCs is fairly independent of the incidence angle, energies from the surface and molecular vibrational and rotational motions contribute a larger proportion of the total mean energy as increases from 0°to 90°. This is compensated for by a decrease in the reactive CH 4 normal translational energy with an increasing angle of incidence.
For normal energy-scaled systems the angular distribution in dissociative chemisorption is derived by integrating Eq. ͑39͒ into a particular solid angle over the full range of molecular energies,
where f trs ͑E trs ͒ is the convolution ͓e.g., Eq. ͑50͔͒ of f t ͑E t ͒, f ͑E ͒, f r ͑E r ͒, and f s ͑E s ͒ and E trs = E t cos 2 + E + E r + E s . Figure 11 shows the angular distribution of the reactive methane thermal flux on Pt͑111͒ at 500 K. The best fit of these distributions to a cos n form yields n = 5 in both cases. The decrease of the angular distribution with an increasing angle of incidence away from the surface normal is the result of the activated nature of this system. At a given temperature the large barrier to dissociation encountered by incident molecules is best surmounted at normal incidence when all of the molecules' translational energy is active.
In order to characterize energy consumption in the dissociative chemisorption of methane on Pt͑111͒ we define differential energy uptake parameters, d j , as
where ͗E j ͘ R and ͗E j ͘ are the mean energies derived from the jth degrees of freedom of the molecules or surface that form reactive PCs and all PCs, respectively. Similarly, ͗E * ͘ R and ͗E * ͘ are the mean total energies of the reactive PCs and all the PCs formed, respectively. For the CH 4 /Pt͑111͒ system these quantities are shown in Fig. 12͑a͒ as a function of temperature from 50 to 1000 K. Figure 12͑b͒ shows the de- 
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pendence of the ͗E j ͘ R , ͗E * ͘ R , and ͗E * ͘ on temperature where the thermal activation energy is defined as
Over this range of temperatures the surface and molecular vibrational degrees of freedom contribute the most additional energy to the reacting PCs and are thus most important in promoting dissociative chemisorption. Within the statistical PC-MURT model it is the relative availability of different types of active energy to form PCs with sufficient pooled energy to react under given experimental conditions that is the key issue in dictating the differential energy uptakes. Certainly in the microcanonical theory, energy in any active degree of freedom is equally effective in helping to surmount the threshold energy to dissociative chemisorption so only the relative availability of the different types of energy can matter. Differential energy uptakes, rather than the fractional energy uptakes defined in a previous paper, 22 are particularly instructive for the analysis of thermal dissociative chemisorption because it is the thermal activation energy, E a , rather than the reaction threshold energy, E 0 , that is the average barrier that must be surmounted under thermal equilibrium conditions. Like the fractional energy uptakes, the differential energy uptakes sum to unity but give a better accounting of whether one degree of freedom plays a particularly important role in aiding the PCs to surmount the temperaturedependent activation barrier. Figure 12 illustrates that at temperatures relevant to catalysis, T Ͼ 500 K, molecular vibrational energy is the most important energy source for surmounting the activation barrier. In PC-MURT simulations of the vibrational state-resolved dissociative chemisorption of methane on Ni͑100͒, 14 it was found that CH 4 sticking from the population of the fundamental and overtone of the highest degeneracy ͑threefold͒ and lowest energy ͑1305 cm −1 ͒ 4 bending mode contributed most to the thermal sticking at 500 K. Clearly, it is the relative availability of energy from the different degrees of freedom that determines the differential energy uptakes.
V. METHANE ASSOCIATIVE DESORPTION FROM Pt"111…
Having treated the thermal dissociative chemisorption of methane on an initially clean Pt͑111͒ surface, we now consider the application of the PC-MURT equations derived above to the reverse process of associative desorption. Following the kinetics of Fig. 1 , we consider the CH 4͑g͒ CH 3͑c͒ +H ͑c͒ reactions to share a common adiabatic potential energy surface and equate the reactive methane flux in dissociative chemisorption with the product methane flux from the associative desorption of chemisorbed methyl and hydrogen using the principle of detailed balance at thermal equilibrium. Measurements of product methane flux distributions from associative desorption experiments could directly test the PC-MURT predictions if an appropriate thermal quasiequilibrium amongst the surface species can be maintained during desorption. This last condition is difficult to ensure because methyl radicals are known to competitively decompose on Pt͑111͒ at temperatures appropriate to associative desorption.
Following detailed balance, the CH 4 /Pt͑111͒ molecular translational, vibrational, and rotational reactive energy distributions of Figs. 7-9 at 500 K system temperature are equivalent to the product flux distributions from associative desorption in the zero coverage limit where the threshold to dissociation is 0.61 eV. Although the normal translational energy distribution, ͑E n ͒, shown in the inset of Fig. 7 is a useful theoretical construct, 14 it is not directly observable because this would require simultaneous detection of the normal component of the desorbing molecules' translational energy over the entire forward hemisphere of solid angles. In contrast, both the angle-resolved and angle-integrated total translational energy distributions presented in Fig. 7 are measurable in the laboratory. Note that the total translational energy distributions are peaked away from the zero of energy, consistent with the passage of the desorbing molecules over an exit channel barrier. Unfortunately, heating low coverages of CH 3͑c͒ and H ͑c͒ on Pt͑111͒ leads to CH 3͑c͒ decomposition rather than hydrogenation. Methane product fluxes from associative desorption in the zero coverage limit are not experimentally available to test the PC-MURT detailed balance predictions. However, by coadsorbing relatively high cover- FIG. 12 . Dissociative chemisorption of CH 4 on Pt͑111͒ at thermal equilibrium: ͑a͒ differential energy uptakes and ͑b͒ mean energies derived from the jth degrees of freedom for physisorbed complexes undergoing reaction ͓the four bottom most lines are ͗E n ͘ R ͑solid͒, ͗E r ͘ R ͑dot dash͒, ͗E ͘ R ͑dashed͒, and ͗E s ͘ R ͑dotted͔͒. Also shown in part ͑b͒ is the dependence of the activation energy, E a = ͗E * ͘ R − ͗E * ͘, on temperature, where E a ͑T =0͒ = E 0 = 0.61 eV.
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ages of H ͑c͒ the CH 3͑c͒ can be kinetically stabilized and the associative desorption of methane can be observed. 37 Although not explicitly compared here, the high coverage associative desorption experimental results of Ukraintsev and Harrison 37 and Watanabe et al. 39 are not consistent with the PC-MURT predictions for the reactive methane flux distributions for dissociative chemisorption on clean Pt͑111͒ ͓cf. Figs. 7, 10, and 11 with 13-15͔. This discrepancy is not surprising because both the experiments of Ukaraintsev and Harrison and Watanabe et al. were performed at close to saturation combined coverage of chemisorbed hydrogen and methyl radicals rather than in the zero coverage limit. Detailed balance needs only apply to the thermal fluxes of experiments performed under identical surface coverage and quasiequilibrium conditions. Arguing along Evans-Polanyi lines that as the surface coverage increases the methane dissociation products are destabilized and so too is the reactive transition state, increasing the CH 4 threshold energy for dissociation from its zero coverage value of E 0 = 0.61-2.3 eV recovers the mean translational energy of ͗E t ͘ = 0.43± 0.01 eV observed for the =0°CD 4 product from the high coverage laser-induced thermal reaction ͑LITR͒. The corresponding PC-MURT translational energy distribution is compared to the LITR distribution in Fig. 13 . Figure 14 compares the PC-MURT detailed balance predictions to the experimental results of Watanabe et al. for the angular variation of the mean translational energy and desorption yield for associatively desorbing CD 4 from Pt͑111͒. The three-parameter PC-MURT simulations assume a high coverage value for the CH 4 reaction threshold energy of E 0 = 2.3 eV and retain the ͕ D = 110 cm −1 , s =3͖ CH 4 parameters derived from the studies of the CH 4 /Pt͑111͒ initial dissociative sticking coefficients in the limit of zero coverage. 22 Kinetic isotope effects 22 shift these PC-MURT parameters to ͕E 0 = 2.345 eV, D =95 cm −1 , s =3͖ for the CD 4 /Pt͑111͒ system but we consistently label the high coverage parameter set by just its CH 4 /Pt͑111͒ values. While the PC-MURT predicts a rather sharp drop in the mean translational energy as the desorption angle increases, the LITR experiments of Watanabe et al. show essentially no variation from 0°to 25°. According to Eqs. ͑41͒ and ͑53͒ and of the PC-MURT, at 90°f rom the surface normal the mean translational energy should fall to 2k B T. Figure 15 shows the PC-MURT detailed balance predictions for the associative and molecular desorption of CH 4 from Pt͑111͒ compared to the experimental results of Ukraintsev and Harrison. Regardless of the surface temperature, the PC-MURT predicts a cos angular distribution for molecular desorption. In contrast, the PC-MURT predicts a temperature dependent angular distribution for associative desorption that broadens as the temperature increases. At the 240 K surface temperature of the CH 4 experiments of Ukraintsev and Harrison the PC-MURT predicts a cos 31 angular distribution for associative desorption, in good agreement with the experimentally observed cos 37 distribution. The PC-MURT distribution broadens to cos 17 at the 395 K surface temperature of the CD 4 experiments of Watanabe et al.
VI. DISCUSSION
In this section we return to more critically evaluate the practical applicability of the principle of detailed balance at equilibrium to the results of thermal associative desorption experiments for the methane/Pt͑111͒ system. Although detailed balance has been successfully applied to the dissociative chemisorption and associative desorption of H 2 on multiple metal surfaces, 36 for gases that produce polyatomic chemisorbed species the possibility of secondary decomposition pathways is a complicating feature. Here, the principal question is whether the CH 3͑c͒ +H ͑c͒ CH 4͑g͒ thermal equilibrium can be experimentally approximated amongst the surface species in the presence of competitive CH 3͑c͒ decomposition ͓i.e., can chemisorbed methyl be sufficiently kinetically stabilized against decomposition by coadsorbed H ͑c͒ ͔. Although some authors have investigated the chemistry of methyl radicals on Pt͑111͒, 54, 55 detailed kinetic information concerning chemisorbed methyl radical chemistry is generally lacking. If methyl decomposition is appreciable, then application of detailed balance, at least in the simple form presented above in Secs. IV and V, cannot be rigorously used to relate the results of associative desorption experiments to CH 4 dissociative chemisorption experiments or theoretical predictions. To illustrate this point, consider a hypothetical scenario in which 25% of the nascent CH 3͑c͒ formed by thermal CH 4͑g͒ dissociative chemisorption decomposes to CH 2͑c͒ +H ͑c͒ while the other 75% of the nascent CH 3͑c͒ is hydrogenated. It may be that the energy distribution of the nascent CH 3͑c͒ that successfully decomposes is quite different from that for all the nascent CH 3͑c͒ formed. In true thermal equilibrium, the 25% loss of the nascent CH 3͑c͒ would be precisely compensated for by CH 2͑c͒ hydrogenation to replenish the nascent CH 3͑c͒ , such that the CH 3͑c͒ +H ͑c͒ CH 4͑g͒ equilibrium is dynamically sustained. In thermal associative desorption experiments, if the quasiequilibrium of chemisorbed surface species does not react similarly to compensate for the 25% decomposition channel of the "nascent" CH 3͑c͒ coverage then the resulting CH 4͑g͒ product flux may lack as much as 25% of the trajectories that a true equilibrium product distribution should contain. A final complication is that associative desorption experiments typically desorb all the initially deposited reactants and hence the product results are integrated over a range of reactant surface coverages.
Indeed, for detailed balance at equilibrium to apply to the methane/Pt͑111͒ system, in the strictest sense, requires identical experimental conditions and this applies equally to the coverage of chemisorbed species as well as to the pressure of gas above the surface. In practice we measure associative desorption distributions under UHV conditions that are far from equilibrium and the absence of a thermal gas above the surface that might drive collisionally induced desorption, etc., and thereby reduce the chemisorbed coverage under equilibrium conditions may be a concern. 36 For the methane/Pt͑111͒ system we expect energy transfer to be dominated by the surface and not the gas above the surface because for reasonable energy transfer parameters the pressure of methane gas above the surface would have to be 600 bars at 800 K to generate the same collision rate between PCs and the ambient gas as is experienced between the PCs and the underlying surface. The effects of surface coverage, 56 however, cannot be argued away so simply and in the absence of experiments on the coverage dependence of the dissociative sticking coefficient we have simply assumed that the barrier is coverage dependent. This does not seem unreasonable because coverage dependent barriers have been observed for multiple systems including the dissociative chemisorption of N 2 on Ru͑0001͒. 41 In contrast to activated systems that show coverage dependent barriers to dissociative chemisorption, Mortensen et al. 29 have reported that the adiabatic barrier to dissociation of CH 4 on Ru͑0001͒ is nearly independent of surface hydrogen coverage between 0 and 0.26 ML. Thus, it is perhaps instructive to compare and contrast the methane/Pt͑111͒ and methane/Ru͑0001͒ dissociative chemisorption systems. The first difference to note between these systems is that thermal programmed reaction of chemisorbed methyl and hydrogen on Pt͑111͒ ͑Ref. 57͒ produces CH 4͑g͒ while on Ru͑0001͒ ͑Ref. 29͒ the methyl undergoes decomposition and no observable CH 4͑g͒ is produced. These results indicate that the barrier to decomposition of chemisorbed methyl is more comparable to that for association with chemisorbed hydrogen on Pt͑111͒ than on Ru͑0001͒. Indeed, electronic structure theory computations on Pt͑111͒ ͑Refs. 58-60͒ and Ru͑0001͒ ͑Ref. 61͒ support this conclusion. On Pt͑111͒ these barriers are predicted to be approximately equal and on Ru͑0001͒ the barrier to associative desorption is predicted to be approximately twice that for methyl decomposition. Following our statistical premise and given the disparity of these reaction barriers on Ru͑0001͒, we expect the number of open methyl decomposition channels to be huge even at the threshold for associative desorption, leading to little distortion of the exit channel distributions for desorbing CH 4 . On Pt͑111͒, however, these barriers are quite comparable such that channels to decomposition and association are opening up at the same energies, leading to greater distortion of the observed CH 4 exit channel distributions. This argument seems plausible, given that associative desorption is excited thermally and thus the product distributions are strongly weighted towards low energy channels. However, whether or not detailed balance is applicable to the methane/Pt͑111͒ system remains an open question that can only be answered by experiment. Perhaps Laidler 62 has put it best, warning that wrong conclusions are often drawn from the principles ͑of detailed balance͒ by applying them to systems that are not elementary and are not at equilibrium. As attractive as the principle of detailed balance may be, caution is warranted when applying it to new systems.
To conclude we note that Wei and Iglesia 63 have recently experimentally determined the activation energy for the dissociation of CH 4 on 1.6-wt % Pt/ ZrO 2 at 873 K and 1 bar pressure to be 0.81 eV in close agreement with our CH 4 /Pt͑111͒ prediction ͓see Fig. 14͑a͒ of Ref. 22͔ of E a = 0.69 eV at the same temperature. In addition, Wei and Iglesia determined the kinetic isotope effect to be 1.58 at 873 K, again in close agreement with our CH 4 /Pt͑111͒ prediction of 2.5 ͓see Fig. 14͑b͒ of Ref. 22͔. It is encouraging that the simple PC-MURT model of dissociative chemisorption, informed by nonequilibrium molecular beam experiments on Pt͑111͒, is able to provide reasonable predictions for some aspects of the thermal equilibrium sticking observed for supported Pt metal nanocrystallite catalysts that likely expose Pt͑111͒ facets over only a portion of their surface. Surprisingly, the thermal dissociative sticking coefficient derived from the CH 4 turnover rate 63 for exposed surface atoms on the supported Pt catalysts at 873 K is roughly four orders of magnitude lower than the S͑873 K͒ = 1.5 ϫ 10 −3 thermal dissociative sticking coefficient predicted by the PC-MURT for CH 4 on clean Pt͑111͒. 22 Similar differences between the CH 4 turnover rates on supported nanocrystallite metal catalysts and dissociative sticking coefficients on low index single crystals have been observed for Ni 64, 65, 14 and Ir. 66, 67, 27 These differences between the ability of the exposed atoms on metal nanocatalysts to turnover through a catalytic cycle involving CH 4 dissociative chemisorption and for atoms on low index single crystals to execute a single CH 4 dissociative chemisorption are intriguing and suggest that significant gains in the performance of methane reforming catalysts may still be achievable through improved catalyst processing and formulation.
VII. SUMMARY
The thermal activated dissociative chemisorption of methane on Pt͑111͒ was investigated using a microcanonical unimolecular rate theory ͑MURT͒ model of gas-surface reactivity. The infinite frequency strong collision ͑IFSC͒, surface ergodic collision theory ͑SECT͒, and "Lenzer" density weighted exponential down energy transfer models for coupling a local hot spot to the surrounding substrate were developed and evaluated within the context of a master equation ͑ME͒-MURT. The three-parameter physisorbed complex ͑PC͒-MURT was shown to closely approximate the thermal sticking under any realistic energy transfer model. The IFSC ME-MURT and PC-MURT limits were shown to define outer bounds on the thermal dissociative sticking coefficient based on their limiting energy transfer behavior. Assuming an apparent threshold energy for CH 4 dissociative chemisorption of E 0 = 0.61 eV on clean Pt͑111͒, the PC-MURT was used to predict angle-resolved yield, translational, vibrational, and rotational distributions for the reactive methane flux at thermal equilibrium at 500 K. Given that methyl radical hydrogenation can only be experimentally observed when the CH 3 radicals are kinetically stabilized against decomposition by coadsorbed H, the PC-MURT was used to evaluate E 0 in the high coverage limit. A high coverage value of E 0 = 2.3 eV sufficed to reproduce the experimentally observed methane angular and translational energy distributions from thermal hydrogenation of methyl radicals. Although rigorous application of detailed balance arguments to the CH 4 /Pt͑111͒ reactive system cannot be made because thermal decomposition of the methyl radicals competes with hydrogenation, its approximate applicability would argue for a strong coverage dependence of E 0 with H coverage-a dependence not seen for methyl radical hydrogenation on Ru͑0001͒ ͑Ref. 29͒, but not yet experimentally explored on Pt͑111͒.
